Objective: Epilepsy neurosurgery is a treatment option for children with refractory epilepsy. Our aim was to determine if outcomes improved over time.
Studies report favorable outcomes on surgical cohorts from single centers, groups of centers focused for an age category, and patients with similar etiologies and procedures. 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] The aim of this study was to determine if outcomes improved over time.
METHODS Patient cohorts. The initial cohort consisted of all patients who underwent epilepsy neurosurgery at the UCLA Pediatric Epilepsy Surgery Program from January 1986 to December 2008 (n ϭ 580). Patients had pharmacoresistant epilepsy, defined as persistent unprovoked seizures after adequate trials of 2 or more antiepileptic drugs (AED). 14 Excluded were patients who had craniotomy without cortical resection (biopsy only; n ϭ 4), diagnostic intracranial electrodes without resection (n ϭ 4), and multiple subpial transections without cortical excision (n ϭ 1), leaving a final cohort of 571.
Study design. Patients were separated into 2 groups based on the date of surgery. The pre-1997 group were patients operated from January 1986 to December 1997 (n ϭ 192). The post-1997 group included patients operated from January 1998 to December 2008 (n ϭ 379). The 1997 to 1998 transition was chosen because it was the midpoint of the series and a previous publication summarized our epilepsy surgical experience from that era. 6 The findings of that study altered our approach in the post-1997 period. Specifically, we strove to use multimodality neuroimaging to enhance identification of epileptogenic lesions, advocated for complete surgical resection of the lesion, and altered postsurgical medication management. Patients were further subclassified by their operative procedure into those undergoing palliative (corpus callosotomy and vagus nerve stimulators; n ϭ 146) and resection operations (n ϭ 425). Additional details are available in e-Methods on the Neurology ® Web site at www.neurology.org.
Standard protocol approvals, registrations, and patient consents. This research was approved by the University of California, Los Angeles (UCLA) institutional review board (IRB), and since enactment of Health Insurance Portability and Accountability Act (HIPAA), patients or families have signed research informed consents and HIPAA authorizations. Prior to enactment of HIPAA, this study was considered by UCLA's IRB to be exempt from requiring research informed consent. This study is not a clinical trial, and it is not registered in any public registry.
Statistical analyses. The pre-1997 and post-1997 groups were compared for differences in clinical variables, surgical procedures, and postsurgical outcomes. StatView 5 (SAS Institute, Inc., Cary, NC) was used for statistical analysis. Univariate statistical tests included Student t test, analysis of variance, and 2 . Multivariate tests included logistic regression and log-linear analysis. All tests were 2-tailed and the threshold for significance was set a priori at p Ͻ 0.05. Univariate statistical analysis did not include adjustments for multiple comparisons.
RESULTS General comparisons. The average cases per year and the proportion of palliative operations increased in the post-1997 series compared with the pre-1997 group (table 1) . For the post-1997 series, there was a 58% increase in resection and a 570% increase in palliative cases per year ( p Ͻ 0.016) compared with the pre-1997 group. In the pre-1997 group, palliative operations were 10% of all pediatric epilepsy surgery procedures, and consisted of corpus callosotomy. In the post-1997 series, palliative operations were 33% of all surgical cases, and fewer corpus callosotomy procedures were performed. Vagus nerve stimulation, which was approved by the Food and Drug Administration in 1997, comprised 90% (119/126) of palliative procedures in the post-1997 series.
Comparisons of resection cases. For UCLA pediatric patients undergoing resections, age at seizure onset was 1 year or less in 51% of cases, which is similar to findings from other pediatric epilepsy surgical centers (figure, A). 3 However, 24% of resection patients had their operation by age 2 years, which is younger than reported by many centers (figure, B).
There were no differences in most presurgical clinical characteristics comparing the pre-and post-1997 groups (table 2) . Age at seizure onset, age at surgery, epilepsy duration, gender, side of resection, percentage of patients with a history of infantile spasms, and the percentage of patients with daily or more seizures were similar comparing the pre-with the post-1997 group (table 2; p Ͼ 0.12). Overall, 80% of patients underwent hemispherectomy or extratemporal operations compared with 20% with temporal lobe resections, which is greater than reported from many pediatric epilepsy surgery centers. 3, 7, 8, 11 There were no differences in the ratio of temporal vs extratemporal operations comparing the pre-and post-1997 groups ( p ϭ 0.377).
Within the UCLA cohort, differences were noted in types of operations, etiologies, and use of intracranial electrodes comparing the pre-and post-1997 groups. Compared with the pre-1997 group, patients in the post-1997 series had proportionally more lobar/focal (ϩ11%; p ϭ 0.001; log-linear analysis) and fewer multilobar resections (Ϫ15%; table 2; p ϭ 0.002). Using log-linear analysis, there was a higher proportion of patients with TSC (ϩ7%; p ϭ 0.024), and fewer cases of nonspecific gliosis (Ϫ7%; p ϭ 0.002) in the post-1997 compared with pre-1997 groups. Other etiologies were not different between the 2 series ( p Ͼ 0.05). Overall, diagnostic intracranial EEG studies (phase II) were performed in 4% of UCLA pediatric epilepsy surgery patients (table 2) . Intracranial electrodes were used in 15 patients in the pre-1997 group, compared with 2 patients in the post-1997 series ( p ϭ 0.0005).
Seizure freedom after resection. The percentage of patients with outcome data (reporting rate) decreased with longer follow-up durations for both the pre-1997 and post-1997 groups (table 3) . Compared with the pre-1997 group, the post-1997 series had better reporting rates at 0.5 and 1 year ( p Ͻ 0.012), and similar reporting rates at 2 and 5 years after surgery ( p Ͼ 0.21).
The percentage of patients seizure-free was greater in the post-1997 series compared with the pre-1997 group at 0.5 (ϩ16%), 1 (ϩ18%), 2 (ϩ19%), and 5 (ϩ29%) years after surgery ( p Ͻ 0.0003). In the pre-1997 group, the percentage of patients seizurefree decreased from 67% at 0.5 years to 45% at 5 years after surgery (Ϫ22%; p ϭ 0.0014). In the post-1997 series, the percentage of patients seizure-free was 83% at 0.5 years that decreased to 74% at 5 years after surgery (Ϫ9%; p ϭ 0.207).
There was less variability in seizure category in the post-1997 series. In patients with at least 2 years of follow-up, more patients were always seizure-free (ϩ31%), fewer patients were never seizure-free (Ϫ21%) or had late recurrence of seizures (Ϫ7%) in the post-1997 series compared with the pre-1997 group (p Ͻ 0.0001). Likewise, more patients became seizure- free after initial failure after surgery in the post-1997 series compared with the pre-1997 group (ϩ4%). The percentage of patients seizure-free 2 years after surgery was different by location, type of operation, and etiology (table 3) . For all patients, those who had nonhemispheric extratemporal operations were less likely to be seizure-free (56%) compared with cases undergoing hemispherectomy (75%) and temporal (79%) resections ( p ϭ 0.0006). Similarly, patients who had multilobar operations were less likely to be seizure-free (55%) compared with patients undergoing hemispherectomy and lobar/focal (67%) resections ( p ϭ 0.024). By etiology, more patients with hippocampal sclerosis and tumors were seizure-free compared with those with hemimegalencephaly, Rasmussen syndrome, and TSC ( p ϭ 0.0054). Compared with the pre-1997 group, the post-1997 series showed that more patients were seizure-free who had hemispherectomy, extratemporal resections, and lobar/focal operations ( p Ͻ 0.041), but not temporal or multilobar resections ( p Ͼ 0.07). Likewise, compared with the pre-1997 group, the post-1997 series had a higher percentage of patients seizure-free with hemimegalencephaly ( p Ͻ 0.0001) and TSC ( p ϭ 0.028). Other etiologies showed no differences in seizure-free outcomes comparing the pre-with the post-1997 groups.
Using outcomes at 2 years postsurgery, the percentage of patients seizure-free for both the pre-and post-1997 groups did not correlate with age at seizure onset ( p ϭ 0.93), age at surgery ( p ϭ 0.61), epilepsy duration ( p ϭ 0.62), gender ( p ϭ 0.69), side of resection ( p ϭ 0.66), history of infantile spasms ( p ϭ 0.80), and presurgery seizure frequency ( p ϭ 0.48).
AEDs after surgery. Medication use after surgery was different comparing the pre-and post-1997 groups (table 4) . Although all patients met criteria for medically refractory epilepsy, 5 patients (1%) were not using AEDs at the time of surgery (parent preference).
Overall, the number of AEDs per patient decreased at all time points after surgery (table 4). The proportion of patients using AEDs decreased from 96% at 0.5 year to 77% at 5 years after surgery (table  4 ). The withdrawal of AEDs was faster in the pre-1997 group, with 31% not taking AEDs at 2 years of follow-up, compared with 15% of patients in the post-1997 series ( p ϭ 0.0005).
Similar findings were seen in the use of AEDs in seizure-free patients after surgery. Compared with the pre-1997 group, the post-1997 series had more seizure-free patients taking AEDs at 0.5 (97%; ϩ6%), 1 (88%; ϩ9%), and 2 (76%; ϩ29%), but not 5 (64% ϩ8%) years after surgery. In the post-1997 group, more seizure-free patients were taking AEDs at 2 years postsurgery for cases undergoing hemispherectomy (ϩ37%), extratemporal (ϩ22%), temporal (ϩ38%), and multilobar (ϩ50%) resections. In addition, more seizure-free patients with cortical dysplasia (ϩ44%) and atrophic etiologies (ϩ37%) were taking AEDs comparing the post-1997 group with the pre-1997 series.
Complications and reoperations. For the entire series, serious and permanent complications were identified in 39 (9.2%) patients. The complication rate was less in the post-1997 compared with the pre-1997 group (table 3; p ϭ 0.0016). There are 11 (2.6%) known deaths. Two deaths occurred during surgery (both in the pre-1997 group) as previously reported. 6 There were 9 long-term deaths involving accidents, status epilepticus, and sudden unexplained death in epi- lepsy (8 in the pre-and 1 in the post-1997 group). The mean (ϮSD) time from operation until late death was 6.2 Ϯ 4.4 years (range 2-14 years). Five of the late deaths occurred more than 5 years after surgery. There were 6 operative-related intracranial bleeds that required a return to surgery for evacuation (all in the pre-1997 group), 12 infections requiring long-term IV antibiotics (8 in the pre-and 4 in the post-1997 groups), and 4 cases of unanticipated neurologic deficits (cranial nerve palsies, increased motor and language deficits; all in the post-1997 group). In addition, one patient had a posterior cerebral artery infarct on the same side as the hemispherectomy (without increased neurologic compromise), 2 patients had tumor recurrence after an initial epilepsy operation, and 1 patient with TSC developed a subependymal giant cell astrocytoma (SEGA) after epilepsy surgery (all in the post-1997 group).
Reoperations for epilepsy surgery occurred in 42 (9.8%) patients. The mean (ϮSD) time from first to last operation was 3.1 Ϯ 3.9 years (range 6 days-14 years). Most of the reoperations (29/42; 69%) occurred less than 3 years after the first operation. Most had reoperations to convert a previous multilobar resection into cerebral hemispherectomy (n ϭ 17; 13 in the pre-and 4 in the post-1997 groups). Others had completion of hemispheric disconnection after an unsuccessful first operation (n ϭ 10; 6 in the preand 4 in the post-1997 groups), further resection involving lobar/focal operations (n ϭ 9; 5 in the preand 4 in the post-1997 groups), multistage reoperations for patients with TSC (n ϭ 3; all post-1997 group), and recurrent tumor (n ϭ 2) or SEGA (n ϭ 1; all post-1997 group). The percentage of patients with reoperations was greater in the pre-1997 group compared with the post-1997 series ( p ϭ 0.0025).
CSF shunts were necessary in 79 (18.6%) patients in this series. Most CSF shunts were in patients undergoing cerebral hemispherectomy (39.5%; n ϭ 70/177) with fewer patients needing shunts with multilobar (5%; 3/64) and lobar/focal (7%; 6/84) resections. The use of CSF shunts was similar in the pre-and post-1997 groups ( p ϭ 0.201). For hemispherectomy patients, the need for CSF shunts was greater in the pre-1997 group (47%; 32/68) compared with the post-1997 series (34%; 37/109; p ϭ 0.05).
Multivariate analysis. Logistic regression analysis was performed using pre-and post-1997 groups, operation location, operation type, etiology, and use of AEDs at 2 years postsurgery as independent variables in a model with seizure-free cases at 2 years postsurgery as the dependent variable. The period of evaluation (pre-vs post-1997, p ϭ 0.0001) and AED use at 2 years ( p Ͻ 0.0001) were associated with greater percentage of patients with seizure-free outcomes, but not operation type, location, or etiology ( p Ͼ 0.081). In other words, better postsurgical seizurefree outcomes were linked with having surgery after 1997 and with less aggressive withdrawal of AEDs after surgery.
DISCUSSION Despite similarities in age at seizure onset, age at surgery, epilepsy duration, and other presurgical clinical variables, this study identified differences in presurgical and postsurgical clinical variables comparing the first 11 years (pre-1997) with the second 11 years (post-1997) of our program. Compared with the pre-1997 group, the post-1997 series showed more resection and palliative operations per year, more lobar/focal and fewer extratemporal and multilobar resections, more patients with TSC and fewer cases with nonspecific gliosis, fewer patients with diagnostic intracranial electrode studies, a higher rate of patients seizure-free at all measured time points after surgery, a lower proportion of seizure-free patients not taking AEDs at 0.5, 1, 2, and 5 years postsurgery, and fewer operative complications and reoperations. Logistical regression identified the period of surgery (pre-vs post-1997) and AED use after surgery as the most important predictors of becoming seizure-free. Taken together, these results indicate that over time there were sustained improvements in pediatric epilepsy surgery patients at the UCLA program. The improvement in surgical outcome for pediatric epilepsy surgery patients was likely due to multiple overlapping and interacting factors, not a single reason. These factors would include better presurgical noninvasive technology to identify epileptogenic lesions, improved selection of potential surgical candidates, and our conscious decision to completely remove the lesion at surgery and alter postoperative AED management after 1997. For example, the use of stronger MRI magnets with better software, thinner slice FDG-PET scans, and incorporation of FDG-PET/MRI coregistration, MSI, and fMRI into the presurgical evaluation process likely improved the identification of the epileptogenic zone and important functional cortex. [15] [16] [17] [18] [19] Better neuroimaging technologies and experience in using them probably explain the decrease in patients with nonspecific gliosis in the post-1997 series. Improved neuroimaging probably also explains the increase in the percent of patients with focal/lobar operations compared with multilobar resections after 1997. 17, 20 Likewise, changes in practice, such as not reducing AEDs so quickly after surgery in seizure-free patients, were associated with better outcomes. Improved surgical procedures, such as for cerebral hemispherectomy, were likely related to better outcomes, reduced complications, and reoperations in the post-1997 group. [21] [22] [23] We also learned over time the importance of performing complete resections in pediatric epilepsy surgery patients. 24, 25 Before 1997, we often restricted our cortical excisions to prevent neurologic deficits such as performing multilobar temporal-occipitalparietal resections in patients with mostly posterior MRI findings and an incomplete hemiparesis. However, we found in the pre-1997 group that a significant number of patients with incomplete operations were not seizure-free with longer follow-ups and needed additional surgery often 2 or more years after the initial operation. Since 1997, we have altered our approach and advocated for complete resections with the initial operation, especially in young children at risk for epileptic encephalopathy, even if that means removing the motor-sensory cortex and other partially functional cortex. 26 More complete resections might explain the better and persistent seizure control at 2 and 5 years of follow-up in the post-1997 series. 17, 26 The number of reoperations, and eventual seizure-free patients off medications with longer follow-up durations, are similar between our series and the literature. 10, [27] [28] [29] [30] Phase II intracranial EEG studies were used at a lower rate than usually reported. The ILAE survey of 20 pediatric epilepsy surgery centers involving 543 children found that intracranial electrodes were used in 27% of patients. 3 Furthermore, 9% to 73% of pediatric patients were reported to use intracranial electrodes in previous surgical cohorts. 5, 8, 9, [11] [12] [13] Our lower rate of intracranial electrode implantation is probably attributable to our approach of using multiple noninvasive technologies and intraoperative ECoG to identify the zone of cortical abnormality likely responsible for epileptogenesis. This is a different approach than targeting areas of EEG ictal onsets for resection. 31, 32 Our study from a single center achieved high reporting rates for seizure outcome. However, the reader should note that our series has a higher proportion of younger patients, more cases of hemispherectomy, and fewer cases of temporal lobe resections compared with other cohorts from pediatric epilepsy surgery centers. 3, 7, 8, [11] [12] [13] 28 Thus, comparisons of outcomes may or may not be similar when other centers report their long-term findings.
The reader should be aware of the inherent limitations of our study. For example, this was a retrospective analysis. As such, we can only infer cause and effect from our findings. Prospective multicenter studies will be necessary to determine if the presurgical evaluation, surgical approach, completeness of resection, and AED use after surgery is linked with the best postsurgical seizure-free outcomes. 33 Likewise, we did not assess cognitive and developmental outcomes. 22, 34, 35 Over the 22 years we have found it more difficult to obtain approval of these studies from insurance companies. Thus, it is possible that some patients were cognitively improved despite not being seizure-free after surgery. Finally, we have 5-year outcome data on a proportion of patients in the post-1997 series. As we have learned from our analysis, we will need to follow this cohort to determine if the findings related to seizure control, late deaths, and reoperations remain valid.
This study is pertinent for the practicing neurologist because it indicates that with improved technologies and greater clinical experience including management of postoperative medications a significant proportion of pediatric patients can expect to become seizure-free after surgery. This finding emphasizes the conclusion of the ILAE Sub-Commission on Pediatric Epilepsy Surgery that all children with therapy-resistant epilepsy of unknown etiology should be referred to an experienced center for diagnostic evaluation and surgical consideration. 4 These children are at risk for epileptic encephalopathy, and some may be candidates for cortical resections with a high chance of becoming seizure-free if an experienced surgical team can identify a surgically treatable etiology and remove it. 22, 34, 35 Even if not a resection candidate, these children may be offered alternate treatments, including palliative operations.
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